This work aimed to evaluate for the first time in Egypt the biodiversity of mycobiota that inhabit the guts of three insect species collected from Assiut Governorate. 50 adult insect samples (28 worker honey bees, 11 black beetles and 11 red palm weevils) were analyzed. 68 species and three varieties were recovered of which 49 species and 2 varieties were filamentous fungi and 19 species + one variety were yeasts. The number of taxa recovered from red-palm weevils and honey bees was almost equal, while lower number was isolated from beetles. However, a higher number of yeast species was obtained from the gut of red-palm weevils than those obtained from honey bees or black beetles. Some filamentous species were recovered from the guts of the three insect species (Aspergillus niger, A. parasiticus, A. terreus, Cladosporium cladosporioides, Penicillium chrysogenum), while others were reported from one or two insect species. However, none of yeast species was regularly recovered from the three insect guts, but two insect species may share the same yeast species in their guts. Other yeast species were restrictedly isolated from guts of one insect species. Some gut samples were fungi-free. To our knowledge, some of the isolated yeast species are being reported here for the first time from insect guts. On the other hand, ITS sequence data from several strains did not match well with those of known described species, and are probably new species.
Introduction
Yeasts have been isolated frequently from the gut or surface of insects that feed on a variety of materials, including basidiomycete fruiting bodies, woody substrates, ephemeral flowers and nectar exudates (Kurtzman 2001 , Lachance et al. 2001a , b, 2005 , Rosa et al. 2003 , Suh et al. 2003 , 2004b , 2005a , b, Teixeira et al. 2003 Suh & Blackwell 2004 , 2005 , Pimentel et al. 2005 , Nguyen et al. 2006 . Yeasts have been also described as endosymbionts in mosquito populations, lacewings, beetles and homoptera (Ganter 2006 , Urubschurov & Janczyk 2011 . Gut-inhabiting fungi are known of the colony was made and observed under a microscope if necessary. Bacterial colonies often developing on YM (distinguishable from yeasts by their cell sizes) were not considered. A single colony was picked up, and streaked three times by crossing the lines onto a fresh acidified YM (single colony isolation).
Media used for isolation of fungi
Two media were used: Yeast extract-malt extract-peptone-glucose agar, YM (Wickerham 1951 ) of the following composition was employed: (g/l) yeast extract 3.0, malt extract 3.0, peptone 5.0, glucose 10.0, agar 20.0. Chloramphenicol (250μg/ml) was used as a bacteriostatic agent. The medium is dispensed into containers and autoclaved at 121 o C for 15 minutes. The other medium was acidified yeast extract-malt extract-peptone-glucose agar, AYM (Wickerham 1951 ) of the same composition as YM but acidified by a predetermined volume of 1 N hydrochloric acid (approximately 0.7%, v/v) to give the desired pH of 3.7 to 3.8.
Phenotypic identification of the insect-associated filamentous fungi
The fungi were identified based on their macro-and microscopical features following the keys of Raper & Fennell (1965) , Pitt (1979) , Sivanesan (1987) , Moubasher (1993) , Zare & Gams (2004) , Leslie & Summerell (2006) and Domsch et al. (2007) .
Physiological characterization of yeast strains
Fermentation of sugars and oxidative utilization of carbon compounds were performed according to Barnett et al. (2000) . Assimilation of nine nitrogen compounds (potassium nitrate, sodium nitrite, ethylamine, L-lysine, creatine, creatinine, D-glucosamine, imidazole, or Dtryptophan) was determined (Suh et al. 2008b ). Growth at high osmotic pressure, in the presence of cycloheximide and production of extracellular starch-like compounds were also tested (Suh et al. 2008b) . Identification keys of Barnett et al. (2000) were followed to assign each isolate to its species level. Confirmations of these identifications were carried out using the molecular technique.
Genotypic identification of yeast strains
The yeast strains were grown on YM plates and incubated at 25 °C for 2 days. A small amount of yeast growth was scraped off and suspended in 100 µl of distilled water and boiled at 100 °C for 15 minutes following the manufacturer's protocol (SolGent Company, Daejeon, South Korea). The samples were directly sent for extraction and sequencing or they were collected in a batch and stored at -70 °C before sending to Korea. Yeast DNA was extracted and isolated using SolGent purification beads at this company. Internal transcribed spacer (ITS) sequences of nuclear ribosomal DNA were amplified using the universal primer ITS1 (5'-TCC GTA GGT GAA CCT GCG G -3'), and ITS4 (5'-TCC TCC GCT TAT TGA TAT GC -3'). Then amplification was performed using the polymerase chain reaction (PCR) (The GeneAmp® PCR System 9700 thermal cycler, Applied Biosystems, Foster City, California, USA). The PCR reaction mixtures were prepared using SolGent EF-Taq as follows: 10X EF-Taq buffer 2.5 µl, 10 mMdNTP (T) 0.5 µl, primer (F-10p) 1.0 µl, primer (R-10p) 1.0 µl, EF-Taq (2.5 U) 0.25 µl, template 1.0 µl, DW up to 25 µl. Then the amplification was carried out using the following PCR reaction conditions: one round of amplification consisting of denaturation at 95 °C for 15 minutes followed by 30 cycles of denaturation at 95 °C for 20 seconds, annealing at 50 °C for 40 seconds and extension at 72 °C for 1 minute, with a final extension step of 72 °C for 5 minutes.
The PCR products were then purified with the SolGent PCR Purification Kit-Ultra (SolGent, Daejeon, South Korea) prior to sequencing. After that, the purified PCR products were reconfirmed (using size marker) by electrophoreses of the PCR products on 1% agarose gel. These bands were then eluted and sequenced. Each sample was sequenced in sense and antisense direction.
Contigs were created from the sequence data using the CLCBio Main Workbench program. The sequence obtained from each isolate was further analysed using BLAST from the National Center of Biotechnology Information (NCBI) website. Sequences obtained together with those retrieved from the GenBank database were subjected to the Clustal W analysis using MegAlign software version 5.05 (DNASTAR Inc., Madison, Wisconsin, USA) for the phylogenetic analysis (Thompson et al. 1994) .
Results

Total fungi recovered from guts of the three insect species investigated
The yeast isolates were characterized using phenotypic, physiological and molecular methods (Tables 1, 2) , while filamentous fungi were identified using only phenotypic characteristics based on their macro-and microscopic features. Representative strains of the species recovered are deposited at Assiut University Mycological Center Culture Collection (AUMC) and ITS gene sequences of the yeast strains were deposited at National Center for Biotechnological Information (NCBI) and accession numbers are given for them (Table 2) .
A total of 67 species and three varieties belonging to 34 genera were recovered on yeast extract malt extract agar (YM) and acidified yeast extract malt extract agar (AYM) from 50 gut samples of the three different insect species. From these, 48 species and two varieties assigned to 21 genera were filamentous fungi and 19 species + one variety belong to 15 genera were yeasts. The number of taxa recovered from honey bees (37 species and one variety belonged to 21 genera) and red-palm weevils (35 species and one variety related to 21 genera) was almost equal, while lower number was isolated from black beetles (20 species + one variety assigned to nine genera). However, higher number of yeast species (14 + one variety) was obtained from the gut of red-palm weevils than those obtained from honey bees (6 species) or black beetles (five species) ( Table 3) .
Fungi recovered from guts of honey bees
In the present investigation, thirty-eight species and one variety belonging to 21 genera were isolated from 28 gut samples of honey bees. Filamentous fungi were recovered from 21 samples and represented by 31 species, one variety and 16 genera while yeast fungi were isolated from 16 samples and represented by six species related to five genera.
Aspergillus (11 species) was isolated in high frequency from bee samples (18 out of 28 samples analyzed). Aspergillus niger was the most common species recovered from 12 samples, followed by A. flavus (7 samples) and A. terreus (5 samples). The remaining aspergilli were isolated from one or two samples only (Table 3) .
Both Cladosporium (4 species) and Penicillium (2 species) were recovered in low frequency (6 samples each) and C. cladosporioides, C. herbarum, P. chrysogenum and P. oxalicum were the most common species. Chaetomium sp. was isolated from five samples, whereas Scopulariopsis brevicaulis was isolated from three samples. On the other hand, Cochliobolus (3 species) and Mucor hiemalis were recovered each from two samples, and Bipolaris clavata, Fusarium verticillioides, Myceliophthora thermophila, Nigrospora oryzae, Papulaspora immerse, Pochonia suchlasporia var. catenata and Trichothecium roseum were encountered each from one sample only.
From yeasts Lachancea thermotolerans was the most common in the gut of honey bees; it was isolated from ten samples. Pichia (represented by P. kudriazevii) and Saccharomyces (represented by S. cerevisiae and Saccharomyces sp. near to S. cerevisiae, less than 95% ITS sequence identities with the type strain) were recovered in seven samples each. Wickerhamomyces subpelliculosus was isolated from 4 gut samples while Hanseniaspora opuntiae was recovered from one sample only.
Fungi recovered from guts of black beetles
Twenty species and one variety belonging to nine genera were isolated from eleven gut samples of black beetles. Filamentous fungi were recovered from all samples and represented by 15 species and one variety belonging to five genera, while yeast fungi represented by five species related to four genera were isolated from four gut samples. Aspergillus (7 species and 1 variety) was recovered in ten samples out of eleven investigated. A. niger was also the most common species and was encountered in eight samples, followed by A. terreus (in 3 samples), and A. parasiticus and A. taichungensis (in 2 samples), while the remaining aspergilli were isolated each from one gut sample only (Table 3) .
Cladosporium and Penicillium (3 species each) were recovered from six and five samples, respectively with C. sphaerospermum and P. chrysogenum being the most common. Scopulariopsis chartarum was isolated from two samples and Chaetomium sp. from one sample only.
From yeasts, Candida fermentati was isolated in two samples while C. parapsilosis, C. tropicalis, Exobasidium sp., and Cyberindnera jadinii were encountered each from one sample only.
Fungi recovered from guts of red-palm weevils
Thirty-five species and one variety belonging to 21 genera were recovered from eleven gut samples of red-palm weevils. Filamentous fungi were recovered from nine samples and represented by 21 species assigned to ten genera, while yeast fungi were isolated from all samples and represented by 14 species and one variety related to eleven genera (Table 3) .
Cladosporium (3 species) and Fusarium (2 species) were isolated in moderate frequency (5 samples each). C. cladosporioides and F. solani were the most common species.
Aspergillus (6 species) was recovered from four samples. A. niger and A. terreus were isolated each from two samples. The remaining four aspergilli were isolated each from one sample only (Table 3) .
Gondwanamyces (G. serotectus) and Penicillium (4 species) were recovered each from only two samples, while Cunninghamella echinulata, Mucor circinelloides, Pseudallescheria boydii, Scopulariopsis japonicum, Stemphylium sarciniforme and Triadelphia near to T. disseminata were encountered each from one gut sample.
Cyberlindnera jadinii was the most common yeast fungus isolated from all gut samples of red-palm weevil investigated, followed by Prototheca zopfii var. hydrocarbonea was also recovered in high frequency (9 samples). Candida (5 species) was also isolated in high frequency (7 samples) with C. tropicalis being the most common Candida species; it was isolated from four samples. C. aaseri, C. pararugosa, and C. quercitrusa were recovered each from 2 samples while C. parapsilosis was encountered from one sample only. Saccharomyces cerevisiae was isolated in moderate frequency (5 samples). Reniforma sp. near to R. strues (87% similarity with the type strain, Table 2 , probably a new species) and Meyerozyma carribbica were isolated each from two samples while Cryptococccus magnus, Debaryomyces nepalensis, Exobasidium sp., Saccharomycopsis fibuligera and Sterigmatomyces elviae were encountered each from 1 sample only.
Overview on the gut mycobiota of the three insect species
The number of fungal taxa recovered from red-palm weevils and honey bees was almost equal, while lower number was isolated from black beetles. However, higher number of yeast species (14 + 1 variety) was obtained from the gut of red-palm weevils than those obtained from honey bees (6 species) or black beetles (5 species). Yeasts and filamentous fungi were isolated more frequently in guts of red palm weevil (100% and 81.81% of the samples respectively) than in honey bees (57.14% and 75%) and black beetles (36.36% and 100%). Some filamentous species were recovered from guts of the 3 insect species (Aspergillus niger, A. parasiticus, A. terreus, Cladosporium cladosporioides, Penicillium chrysogenum) , while others were reported from guts of one or two insect species. However, none of yeast species was regularly recovered from the three insect guts, but two insects may share the same yeast species in their guts (Candida parapsilosis, C. tropicalis, Cyberlindnera jadinii, Exobasidium sp., Meyerozyma carribbica from both black beetles and red palm weevils; and Saccharomyces cerevisiae from both honey bees and red palm weevils). Other species were restrictedly isolated from guts of one insect species. To our knowledge, some of the isolated fungal species are reported here for the first time from guts of either adults of red palm weevil (Gondwanamyces serotectus, Triadelphia sp. near to T. disseminata, Candida aaseri, C. pararugosa, C. quercitrusa, Cryptococcus magnus, Cyberlindnera jadinii, Debaryomyces nepalensis, Exobasidium sp., Reniforma sp. near to S. strues, Saccharomycopsis fibuligera and Sterigmatomyces elviae and Prottheca zopfii var. hydrocarbonea), from worker honey bees (Hanseniaspora opuntia and Wickerhamomyces subpelliculosus) or from black beetle gut (Exobasidium sp.) and are being considered in another publication. On the other hand, some strains are far from the known described species (based on their low ITS sequence similarities < 95% with those deposited in the Genbank) and probably some of these could be new species such as KX023220-KX023223, KX029122, KX029124, KX029125, KX015906, KX015907, KX015909-KX015911, KX029126, KX011609 and KX015891 (listed in Table 2 ). More studies on these strains are in progress.
Discussion
Total fungi recovered from guts of the three insect species
Phenotypic, physiological and molecular methods were used to characterize yeast isolates, while macro-and microscopic features were used for identification of filamentous fungi. Strains of the species recovered were deposited at Assiut University Mycological Center AUMC and ITS gene sequences of the yeast strains were deposited at NCBI. 68 species and three varieties belonging to 36 genera were recovered from gut samples of the three insect species investigated. The number of taxa recovered from honey bees and red-palm weevils was almost equal, while lower number was isolated from black beetles. However, higher number of yeast species was obtained from the gut of red-palm weevils than those obtained from honey bees or black beetles. The gut of insects of several families is found as a productive environment and is rich in yeasts that carry out the fermentation of cellobiose and xylose (Suh et al. 2003 , Urbina et al. 2013 . Urbina et al. (2013) reported the isolation of ascomyceteous and basidiomyceteous yeasts from the gut of the 16 species of passalid beetles collected in nine localities in Guatemala with the xylose-fermenting (X-F) yeasts were the most abundant taxa isolated. Also beetle guts (Callaham & Shifrine 1960 , Suh et al. 2003 , 2004a , 2005a ,b, 2008a , Suh & Blackwell 2004 , Houseknecht et al. 2011 , honey bee guts (Gilliam et al. 1974a , b, Sandhu & Waraich 1985 , Chahbar & Mohamed 2014 and guts from other insect species (Nguyen et al. 2007 , Urubschurov & Janczyk 2011 , Hui et al. 2012 , 2013 , Bagde et al. 2013 , Urbina et al. 2013 , Rojas-Jimenez & Hernanddez 2015 were reported as a good source of hyper-diverse source of yeasts and filamentous fungi.
Fungi recovered from guts of honey bees
As the health of honey bees and the quality of honey is affected by many microbes, thus there is the need of isolating and identifying these microbes so as to find out the means of controlling them. Insect gut microbiota plays essential role in the growth, development, pathogenesis and environmental adaptation of host insects (Bhat et al. 2014) . Composition of the digestive microbiota of honey bees is the result of feeding pollen and nectar, but also it is a consequence of interaction among the bees in the hive (Glinski & Jarosz 1995) .
In the current work, 38 species and one variety were isolated from 28 gut samples of honey bees. 32 filamentous fungal species were recovered from 21 samples while only 6 yeast species were recorded from 16 samples only. In this respect, 18 species of filamentous fungi (Gilliam et al. 1974a) and seven of yeasts (Gilliam et al. 1974b) were previously isolated from the intestinal tracts of 388 adult worker honey bees. Moreover, Gilliam (1997) stated that not all bees contained yeasts, and the numbers of yeasts varied from colony to colony.
Nine species of Aspergillus were reported, with A. niger (from 12 samples), A. flavus (7 samples) and A. terreus (5 samples) being the most common, followed by Cladosporium cladosporioides, C. herbarum, Penicillium chrysogenum, P. oxalicum and Chaetomium sp. On the other hand, species of Scopulariopsis (1 species), Cochliobolus (3) and Mucor (1) were recovered each from two or three samples, while other species were encountered each from one sample only. In harmony with the current results, filamentous fungi previously reported from the intestinal tract of worker honey bees include species of Penicillium, Aspergillus, Cladosporium, Alternaria, Bipolaris, Curvularia and Rhizopus of which Penicillium frequentans, P. cyclopium, Aspergillus flavus, A. niger, Alternaria tenuissima and Cladosporium cladosporioides were found most frequently (Gilliam & Prest 1972 , Gilliam et al. 1974a , 1977 , 1988a . However no filamentous fungi were recovered from the digestive tracts of 2 Algerian subspecies worker honeybees (Apis mellifera intermissa and A. mellifera sahariensis) during the two seasons (winter and spring) of the year 2012, but strains of these obtained from bee bread were identified to the generic level as Penicillium, Aspergillus, Cladosporium, Alternaria and Mucor (Chahbar & Mohamed 2014) . From yeasts Lachancea thermotolerans was the most common yeast fungus in the gut of honey bees followed by Pichia kudriazevii, two Saccharomyces spp. and Wickerhamomyces subpelliculosus while Hanseniaspora opuntiae was recovered from one sample only. L. thermotolerans was recently isolated from the gut of honey bee (Mousavi et al. 2015) . In the work of Gilliam et al. (1974b Gilliam et al. ( , 1977 , guts of adult worker honey bees emerged different spectrum of yeast species in the following order of frequency: Torulopsis magnoliae, T. glabrata, Candida parapsilosis, Hansenula anomala, Saccharomyces bailii var. osmophilus, Rhodotorula minuta var. minuta and Cryptococcus albidus var. aerius. Also it was stated that intestinal yeasts were most frequently encountered in worker bees that live under stress conditions (Gilliam 1973 , Gilliam et al. 1974b , 1977 , 1979 , 1988b and intestinal yeasts were isolated from 21 bees from free-flying colonies in the fall (Gilliam et al. 1988a ). Sandhu & Waraich (1985) obtained 473 yeast isolates from 328 stomach samples of seven different pollinating bee species (including A. mellifera) that were identified to 13 genera and 30 species, of these Dekkera intermedia and Saccharomyces cerevisiae followed by Candida humicola, C. incommunis, C. ishiwadae, C. membranaefaciens, C. parapsilosis, Rhodotorula lactosa and Cryptococcus albidus were the most common. However, Chahbar & Mohamed (2014) found no yeasts in the digestive tracts of two Algerian subspecies worker honeybees, but yeast strains were obtained from bee bread and are likely to belong to the genus Saccharomyces.
Fungi recovered from guts of black beetles
All gut samples of black beetles yielded 15 species and one variety of filamentous fungi however, four gut samples only yielded five yeast species. Suh et al. (2005a) stated that beetle gut is a hyperdiverse source of novel species since they isolated over 650 yeast strains over a three year period from the gut of beetles from 27 taxa and found that at least 200 of these were undescribed taxa. Some of the yeasts recovered were basidiomycetes, but the vast majority was ascomycete budding yeasts (Saccharomycetes).
Aspergillus niger was also the most commonly encountered species (from 8 samples) followed by P. chrysogenum (5), A. terreus, C. sphaerospermum (3) and A. parasiticus, A. taichungensis and Scopulariopsis chartarum (2 samples each) from black beetle guts, while other species were encountered each from only one gut sample. In their study on fungi associated with the guts of tropical wood-feeding beetle larvae of Coleoptera, Rojas-Jimenez & Hernandez (2015) obtained 92 strains of filamentous and yeast fungi and assigned them to 40 genera mostly related to Ascomycota (32 genera), then Basidiomycota (6) and Zygomycota (2) with Trichoderma being the most abundant fungus, and Penicillium, Paecilomyces, Fusarium, Aspergillus and Mucor were among the isolated fungi. In the studies of Moraes et al. (2000 Moraes et al. ( , 2004 , 758 fungal strains were recovered from the digestive tract of many individuals of adult insects and nymphs of nine species triatomine bugs (Order: Hemiptera); they found that the genera with the greatest number of species were Penicillium, Aspergillus, Acremonium, Cladosporium and Paecilomyces and the most frequent species in both studies were P. corylophilum, P. fellutanum, P. waksmanii, Aspergillus niger, A. awamori, Cladosporium herbarum and Paecilomyces variotii. The digestive tract of Triatoma infestans (Hemiptera) yielded also 33 species of fungi of which Penicillium (15 species), Aspergillus (5) and Cladosporium (2) gave rise the greatest number of species (Marti et al. 2007) . Candida fermentati was isolated in 2 gut samples of black beetles while C. parapsilosis and C. tropicalis, Exobasidium sp. and Cyberindnera jadinii were encountered each from 1 sample only.
C. fermentati and other three new Candida species (Suh and Blackwell 2004) , Candida ambrosiae and 16 new Candida species (Suh et al. 2004b) were isolated from the digestive tract of basidiocarp-feeding beetles. Species of Sugiyamaella and Candida (including a new Candida species) were isolated from the gut of wood-ingesting beetles (Houseknecht et al. 2011) .
In their study on fungi associated with the guts of tropical wood-feeding beetle larvae of Coleoptera, Rojas-Jimenez & Hernandez (2015) obtained two strains of Trichosporon and two strains of Geotrichum. Pichia stipitatis-like yeasts were consistently isolated from the gut of wood-ingesting passalid beetles (Suh et al. 2003) . Isolates from the digestive tracts of plant-associated beetles and other insects were identified as Candida orthopsilosis, C. maltosa, C. pseudorhagii, C. parapsilosis, C. tropicalis, C. neerlandica, Lodderomyces elongisporus and seven new Candida species near to C. albicans (Suh et al. 2008a) ; also nine new Candida species near C. membranifaciens were isolated from the gut of a variety of insects (including beetles, lacewings, fishflies, craneflies and a cockroach) (Suh et al. 2005b) . Novel species of Candida (Kurtzman & Robnett 1998 , Hui et al. 2012 and Wickerhamomyces (Hui et al. 2013 ) were described from guts or frass of wood-boring insect larvae or ambrosia beetle.
Fungi recovered from guts of red-palm weevils
The red palm weevil (RPW) is widely considered the most damaging insect pest of palms in the world, even in all the countries where it has been accidentally introduced (Cox, 1993) . Since the 1980s it has rapidly expanded its geographical range westwards. It reached Saudi Arabia and the United Arab Emirates in about 1985, spreading throughout the Middle East and it had been introduced to Egypt in 1992 (Cox 1993) , with thousands of healthy trees being damaged or lost (ElSebaey 2004) . RPW larvae feed within the apical growing point of the palms, producing a wet fermenting frass inside the tunnels (Butera et al. 2012 ) creating extensive damage to palm tissues and weakening the structure of the palm trunk; the resulting damage is often only visible long after infestation, when palms are close to death (Ferry & Gomez 2002 , Faleiro 2006 , Dembilio & Jacas 2011 . 
+: growth; w: weak growth; d, delayed growth, -: no growth, nt: not tested.
Table 2
Assiut University Mycological Centre accession number (AUMC) of yeast strains isolated from insect guts with accession GenBank numbers given together with the closest match in the GenBank database and sequence similarity in percent to the match as inferred from Blastn searches of ITS sequences. 
